Aim: To evaluate the long-term efficacy of interstitial laser photocoagulation (ILP) in solitary benign thyroid nodules. Design and methods: A total of 78 euthyroid outpatients (45 participating in randomized trials) with a benign solitary solid and scintigraphically cold thyroid nodule causing local discomfort were assigned to ILP. ILP (using one laser fiber) was performed under continuous ultrasound (US) guidance and with an output power of 1.5-3.5 W. Thyroid nodule volume was assessed by US and thyroid function determined by routine assays, before and during follow-up. Pressure symptoms and cosmetic complaints were evaluated on a visual analogue scale (0-10 cm). Of the total patients, six had thyroid surgery 6 months after ILP and three were lost to follow-up. The median follow-up for the remaining 69 patients was 67 months (range 12-114). Results: The overall median nodule volume decreased from 8.2 ml (range 2.0-25.9) to 4.1 ml (range 0.6-33.0; P!0.001) at the final evaluation, corresponding to a median reduction of 51% (range: K194 to 95%). This correlated with a significant decrease in pressure as well as cosmetic complaints. After 12-96 months (median 38 months) of ILP, 21 patients (29%) had thyroid surgery because of an unsatisfactory result. All had benign histology. Thyroid function was unaltered throughout and side effects were restricted to mild local pain. Conclusion: US-guided ILP results in a satisfactory long-term clinical response in the majority of patients with a benign solitary solid cold thyroid nodule. Further large-scale studies should aim at optimizing selection criteria for ILP, preferably in randomized studies.
Introduction
Benign nodular thyroid disease is common in the adult population (1) . Thyroid carcinoma is rare, and using a careful approach including clinical, biochemical, and ultrasonographic evaluation, as well as ultrasound (US)-guided fine needle aspiration biopsy, the need of diagnostic thyroidectomies can be reduced profoundly (2, 3) . It follows that, dependent on patient preference, nonsurgical management may be considered (4) .
Previously, ultrasound (US)-guided percutaneous ethanol injection (PEI) therapy has been introduced as a nonsurgical option. However, limitations related to seepage of ethanol causing serious side effects and lack of evidence of long-term efficacy have questioned the suitability of PEI for ablation of solid thyroid nodules (5) (6) (7) . Radiofrequency (RF) is another technique used for thermal ablation. Its nodule volume-reducing effect varies (8) (9) (10) (11) (12) (13) (14) , but largely the effect is comparable to that of interstitial laser photocoagulation (ILP) and PEI.
So far, there are no long-term follow-up studies evaluating the efficacy of RF-therapy. In theory, highintensity-focused ultrasound should be feasible. However, the available experience is restricted to a patient with a toxic thyroid nodule (15) .
ILP is yet another technique used for thermal tissue ablation. By using low-power laser, the energy can be delivered in a controlled fashion with no or only minimal damage to the surrounding tissue (16, 17) . Therefore, ILP has been introduced for ablation of benign solid cold thyroid nodules (16, (18) (19) (20) (21) (22) . The procedure is performed on an outpatient basis, is well tolerated, and nodule volume reduction is comparable to that obtained following PEI (5, 23) . ILP has proven a safe and effective procedure for inducing thyroid nodule necrosis. However, as for PEI, long-term efficacy data after ILP therapy for the time being are limited (24) . Therefore, we evaluated nodule volume and nodule-related symptoms in a consecutive group of patients treated with ILP and followed, on average, for more than 5 years (18, 21, 22) .
Materials and methods
From 1999 to 2008, 78 (45 participating in randomized trials) euthyroid outpatients (74 women; median age 46 years, range: 23-71) with a solitary solid and scintigraphically cold thyroid nodule were assigned to ILP therapy. Cytology was compatible with a benign colloid nodule in all patients. All patients reported pressure symptoms and/or cosmetic complaints. None had suspicion of or a family history of thyroid cancer and none had had prior radiation to the neck. All patients were euthyroid and had normal serum calcitonin levels. Blood tests included serum TSH (normal range 0.3-4.0 mU/ml) determined by DELFIA (Wallac OY, Turku, Finland), serum total thyroxine (T 4 ; normal range 65-135 mmol/l) determined by RIA (Diagnostic Products Corp., Los Angeles, CA, USA), and serum total triiodothyronine (T 3 ; normal range 1.00-2.10 mmol/l) determined by RIA (Johnson & Johnson, Clinical Diagnostics Ltd, Amersham, UK). Free T 4 (FT 4 ) and Free T 3 (FT 3 ) indices were calculated by multiplying serum T 4 and T 3 levels by the percent T 3 resin uptake. Serum antithyroid peroxidase antibodies (anti-TPOAb) were determined by RIA DYNO test (Brahms diagnostica GMBH, Berlin, Germany, normal range !60 U/ml). Of the 78 patients, 45 participated in randomized studies (21, 22) , of which 15 were given up to three ILP sessions (22) .
A Logiq 500 US scanner (GE Medical Systems, Milwaukee, WI, USA) with a 12 MHz linear transducer (type 739L) mounted with a needle steering device for precise US-guided punctures was used. Under sterile conditions, and guided by US, the laser fiber (0.4 mm in diameter) was positioned in the thyroid nodule through the lumen of an 18 gauge (1.2 mm) needle and preceded by local anesthesia with lidocaine (10 mg/ml). The needle was withdrawn 20 mm leaving the end of the fiber in direct contact with the tissue and at a distance from the neurovascular bundle of at least 1.5 cm, to avoid injury to these structures. Therefore, deeply located nodules and nodules in proximity of the carotid vessels were not offered ILP.
Patients were then treated with an output power of 1.5-3.5 W, dependent on pre-treatment nodule volume and the position of the nodule. The entire procedure was performed under continuous US guidance. The laser power source was provided from a continuous wave infrared (820 nm) diode (model 15; Diomed, Cambridge, England) laser. During laser treatment, the necrosis of the tissue was clearly visible on US as an irregular echogenic area enlarging over time and the procedure was terminated when this area was stationary in size. Then, the laser fiber was placed in another part of the nodule until accessible parts of the nodule had been treated. ILP was carried out on an outpatient basis. Thyroid nodule volume was calculated on the basis of an ultrasonic scanning procedure, by recording cross sections through the gland (5.5 MHz static compound scanner type 1846, B&K Medical, Gentofte, Denmark and LOGIQ 9 mounted with a 3D tracer; GE Medical System, both with an intra-observer variation of w5%). The nodule volume was calculated before treatment and subsequently during the follow-up.
Thyroid function was determined by routine assays before ILP and at each follow-up, and pressure and cosmetic complaints before, at 6 months, and at the final investigation were evaluated on a visual analogue scale (0-10 cm).
Statistical analysis
Statistical analyses were performed using SPSS Statistical Software program, version 18.0 (SPSS, Inc., Chicago, IL, USA). Continuous data are given as median and range. All comparisons for paired data are based on ANOVA II (observations based on within-subject difference; serial measurements; TSH and FT 4 and FT 3 indexes). Correlation among the energy deposited, initial nodule volume, and nodule volume reduction at the end of the follow-up was investigated by means of Spearman's rank correlation and regression analysis. Pressure symptoms and cosmetic complaints were rated on a 0-10 cm visual analogue scale and compared with the initial score and changes were evaluated by a sign test. A P value !0.05 was considered significant.
Results
The overall median nodule volume decreased from 8.2 ml (range 2.0-25.9) to 3.5 ml (range 0.6-17.6) after 12 months (P!0.001) and to 4.1 ml (range 0.6-33.0 ml; PZ0.001) at the final evaluation. At this time, median reduction was 51% (range K194 to 95%). The median treatment duration of ILP was 900 s (range 292-2400). The overall median energy deposited was 2100 J (range 438-7200) corresponding to 242 J/ml nodule tissue (range 21-960). There was no significant correlation between thermal energy deposited per milliliter nodule tissue and absolute nodule volume reduction (rZ0.17; PZ0.15; Fig. 1A ). Regression analysis, with the initial nodule volume as a dependent variable and the absolute nodule volume reduction as an independent factor, demonstrates that the initial nodule volume cannot predict the outcome after ILP therapy (rZK0.12; PZ0.29), but there seems to be a trend towards a larger effect in nodules smaller than 10 ml (Fig. 1B) . The median treatment duration was 900 s (range: 292-2400 s). The median deposited energy was 2100 J (range 438-7200), corresponding to 242 J/ml nodule tissue (range 21-960), and administered via one laser fiber. A total of 21 patients, who were treated for more than 900 s, had two or three monthly ILP sessions. There was no correlation between treatment duration and nodule volume reduction (PZ0.53; Fig. 1C) .
Of the 78 patients, six had thyroid surgery 6 months after ILP and three were lost to follow-up. The median follow-up for the remaining 69 patients was 67 months (range 12-114 months). Furthermore, 21 patients had thyroid surgery 12 to 114 months (median 38 months) after ILP because of an unsatisfactory result. All patients had benign histology. The initial median nodule volume in the 27 patients who had thyroid surgery was 10.5 ml (range 4.4-17.8). This significantly differs from the remaining 51 patients who had a median nodule volume of 6.6 ml (range 1.5-25.9; PZ0.001). The median energy deposited per milliliter nodule volume in these patients was 195 J/ml (range 79-612 J/ml) and in patients not operated on the median energy deposited was 285 J/ml (range 21-960 J/ml); this difference was statistically borderline significant (PZ0.09). The overall median nodule volume reduction in the 27 patients who had thyroid surgery was 13% (range K194 to 61%) compared with a reduction of 60% (range K13 to 93%) in the other 51 patients. Of the 15 patients, who were offered up to three ILP sessions, three patients had surgery. Outcome in this group did not significantly differ from the outcome in patients who were offered one treatment session (PZ0.23).
Initially, 74 of 78 patients had pressure symptoms. Self-estimated pressure symptoms disappeared in 84% (62 of 74) of the patients. Initially, 46 of 78 patients had cosmetic complaints and the self-estimated complaints disappeared in 72% (33 of 46) of the patients (Fig. 2) . Both the self-reported pressure symptoms (rZ0.4; PZ0.02) and the cosmetic complaints (rZ0.3; PZ0.02) significantly correlated with nodule volume reduction after ILP (Fig. 3A and B) .
The median initial total thyroid volume in all 78 patients was 24.8 ml (range 2.0-76.0), and at the final evaluation, it was 20.5 ml (range 2.9-75.0; PZ0.037). There was no significant change in serum TSH (PZ0.35) or anti-TPOAb (PZ0.32) during follow-up (data not shown).
The only side effect reported was moderate pain in 33% lasting for up to 4 days and alleviated with mild analgesics in all. None developed vocal cord palsy, hypocalcemia, hypothyroidism, local infection, or a hematoma. In general, the treatment was well tolerated as evidenced by the fact that all but one patient would accept a new ILP therapy (if offered), independent of whether asked immediately after therapy or at the final evaluation.
Discussion
During the last two decades, nonsurgical alternative treatments have been introduced for patients with symptomatic benign thyroid nodules (6, 18, 20, 21, 23, (25) (26) (27) (28) . Both ethanol injection and thermal energy have proven effective in inducing necrosis and subsequent nodule shrinkage. Nodule volume reduction after ILP and PEI, given as a single treatment, are comparable and approximately halves a solid nonfunctioning thyroid nodule (5, 18, (21) (22) (23) . By administring up to three treatments, the median reduction may increase by 33% (5, 18, 20, 22, 29) . Although easily performed, and recommended for solitary cysts (4, 30) , PEI has limitations related to ethanol escaping outside the nodule or even the thyroid gland (1, 31) , and this questions the suitability of PEI, especially in solid nodules (30) . In contrast to ethanol, necrosis induced by thermal energy can be delivered in a controlled fashion with none or only minimal damage to the surrounding tissue (16, 17) . Therefore, the advantage of ILP is the great precision in inducing a well-defined area of tissue ablation with a reproducible pattern as also confirmed by histological examination (32, 33) . In extension to the lack of a histological gold standard, one potential disadvantage is the lack of total tissue ablation after ILP therapy. Although the termination of treatment during each session was guided by achieving a decreased and often obliterated vascularization within the nodule, the question of long-term efficacy, as evidenced by regrowth in case of only partial nodule reduction, remains unanswered for the time being. So far, only one study with a 3-year follow-up after ILP has been published (24) . In that study, nodules were larger (mean 23 ml), patients with multinodular goiter were included, and the setup differed in several ways from ours. It was a more complicated and cumbersome setup employing a concept of multiple (up to four) fiber placement and multiparametric continuous monitoring of the electrocardiogram, oxygen tension, blood pressure, respiratory frequency, and also involved light conscious i.v. sedation. Moreover, at variance with our study, posttherapy treatment included methyl-prednisolone in every patient and analgesics were routinely given i.v. None of our patients had any i.v. treatment before or after ILP therapy, and all left our department within 10 min of therapy without further observation. In the study by Valcavi et al. (24) , 50% nodule volume reduction was achieved at the 3-year follow-up independently of initial size but a trend toward larger effect in the smallest nodules. However, a treatment protocol employing simultaneous placement of multiple fibers and treating larger nodules implies a larger risk of side effects and complications (24) . This has to be taken into consideration when offering ILP as a non-surgical alternative.
In our long-term follow-up study, the median nodule volume reduction was 51%, and this is comparable to the results of Valcavi et al. (24) using a much more elaborate design. Although the energy deposited per milliliter nodule tissue has varied in the available studies, a statistically significant correlation between energy deposited and nodule volume reduction could not be demonstrated (18, 21, 22) , and only few studies have been able to demonstrate such a correlation (34, 35) . This suggests that in the individual patient, it is not easy to determine the optimal energy level. Thus, occasionally, low energy levels may cause significant nodule reduction (36) .
The outcome after ILP is unpredictable. An explanation for this might be the wide variability in thyroid morphology. Biological characteristics such as vascularization of the nodule (it is well known that increased blood flow will result in increased disposal of thermal energy), the degree of pre-existing fibrosis, and the amount of colloid may be important factors accounting for the differences in optical properties of thyroid nodules, thereby differences in and unpredictability of responsiveness. Consequently, although we aimed at achieving a very homogeneous group of patients, nodules may have considerably varied and to some extent explain the unpredictable effect of therapy. Pretreatment nodule size, in this follow-up study, was not significantly correlated with the degree of nodule volume reduction after ILP; however, a trend was demonstrated and nodules smaller than 10 ml seem to have a slightly better outcome. This is in agreement with the results of others (36) , suggesting that nodule size, in extension to the optical properties of thyroid nodules, may be another factor influencing the ILP efficacy.
Of the 78 patients, 27 (35%) had thyroid surgery because of an unsatisfactory result after ILP therapy (mainly persistent or worsening pressure symptoms and/or regrowth of the nodule). The median initial nodule volume in these 27 patients was 10.5 vs 6.6 ml in the 51 patients, who had no surgery. Most of these patients were operated in the early period of our studies, at which time we were hesitant to observe the patients and rapidly chose surgery if there was little or no nodule shrinkage. Importantly, surgery -as the gold standardconfirmed the cytologically benign nature of all these nodules. Compensating for the nodule size, in order to increase thermal necrosis, a beam-splitting device, using two or even more laser fibers simultaneously as well as increased output power, has been suggested (24) . An output power of 5 W induces burning pain during ILP therapy (20) , increases the risk of carbonization of the fiber, and transient vocal cord palsy has been described, when more than one fiber has been used (19, 20) . Another potential major disadvantage, when using more than one fiber, is a poorer real-time US overview of the actual extent of thermal necrosis, because only a two-dimensional picture is provided and also because the increased acoustic shadowing results in less clear margins of the thermally induced damage. For these reasons, but also because increasing the deposited energy seems to have only limited effect on volume reduction, it is not obvious to use several fibers, at least in small-to moderate-sized nodules (14) .
The ILP treatment was well tolerated and the only side effect was less to moderate pain for up to 1 week in a few patients (18, 21, 22) . The self-estimated rating of discomfort related to the ILP therapy varied among the patients, but the fact that all but one patient would accept a repeat treatment, if offered later, confirms the tolerability as opposed to PEI (37) . Pain or discomfort associated with the therapy disappeared in those few patients reporting of it, when the energy was turned off. Replacing the fiber into another area or decreasing the output power resulted in prompt relief of discomfort. Strictly speaking, therapy-induced thyroid autoimmunity following thermal ablation and due to release of thyroglobulin was not ruled out. For this, determination of thyroglobulin antibodies should have also been included. We, however, believe that an unaltered level of TSH together with lack of alteration in TPOAb positivity suggests this to be unlikely.
In conclusion, ILP is a minimally invasive procedure causing no or only minimal damage to the normal perinodular tissue. It is a relatively low-cost procedure, is easy to control, and results in a satisfactory long-term (median 67 months) clinical response in the majority of but not all patients with a benign solitary solid cold thyroid nodule. It is a clinically relevant alternative to surgery in selected patients. The disadvantage is that the procedure is highly operator dependent and does not provide a definitive histological assessment compared to surgery. At present, the study populations are small and further large-scale studies should aim at optimizing selection criteria for ILP therapy and evaluate costbenefit, preferably in randomized studies with surgery and/or other nonsurgical options as the comparator.
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